The electronic structure of Cu, Ag, and Au impurities in silicon is studied self-consistently using the quasiband crystal-field Green s-function method. We find that a substitutional model results in a two-level (acceptor and donor), three-charge-state (A+, A, and 3 ) system, which suggests that these defects are amphoteric. Our results show that these substitutional impurities form e-type and 
the diffusion occurs via a substitutional-interstitial vacancy-controlled mechanism. The picture that emerges from their study on Si:Au is one of a rapidly diffusing in terstitial Au atom (diffusion coefficient at 1200'C of D=2.3X10 cm /sec) capturing the mobile vacancies to form substitutional gold, which is essentially immobile (diffusion coefficient at 1200 C of D = 2.9 X 10 cm /sec). An alternative "kick-out" mechanism, ' ' in which an interstitial impurity kicks a substitutional host silicon atom off its site, producing interstitial silicon and a substitutional impurity, seems very plausible too. When a high-vacancy concentration is available (e.g. , Ge), the vacancy-diffusion mechanism may dominate over the kick-out mechanism.
The diffusion activation barriers were determined to be 8.9+2 kcal/mole for the interstitial mechanism and a much larger value of 47+10 kcal/mole for the substitutional mechanism. This suggests that most of the gold would eventually be trapped in substitutional sites. The fast interstitial diffusion suggests that the final geometry of the substitutionally trapped impurity will depend on the details (i.e. , temperature rate) of the quench- FICx. 1. Application of the ionic model to deduce the energy-level structure of (a) bulk CuC1, (b) bulk NiO, and (c) (ii) In view of the concepts introduced by these models and the questions they raise, we feel that the outstanding theoretical issues are as follows: (a) Distance (a.u. ) tion (Table II) (Fig. 3) . The position of these levels is consistent with the photoemission data (cf. Sec. II G) that place them near the center of the valence band (however, no precise comparison of their energies can be made since theory lacks spin-orbit splitting and orbital relaxation effects and experiment pertains to a high impurity concentration).
Because of their relatively high localization, we predict that optical excitations from the fully occupied e " and t2" levels will produce impurity-bound excitons, i.e. , a hole in either of these levels will lead to a more attractive central-cell potential, hence, a splitting of an exciton level from the conduction band into the gap. The localized-toitinerant excitations from these levels into the conduction band are subject to large orbital relaxation shifts and are expected to produce singlet-triplet pairs (i.e. , 'E and E for excitation of e ",' T and T for excitations of t2" ) completely analogous (but in reversed order) to the situation occurring for noble-atom impurities in alkali halides ' [cf. Fig. 1(c) Distance Along Bond Direction (a.u. } FIG. 7. t2 " wave functions of (a) Si:Cu, (b) Table I ). In contrast, the vacancy t2 state does not carry an "impurity signature;" its node is well outside the nearest-neighbor shell (cf. Fig. 10 in Ref. 73 Fig. 2(d) 
The effective Coulomb repulsion energies are then
A Fig. 12(a) . The interstitial behaves as a simple single donor [Fig. 12(b) ] with its E(0/+) level near (or just at) the conduction-band minimum. %"hen an interstitial is trapped in a vacancy site, it produces the (distorted) substitutional gold with levels depicted in Fig. 12 It is interesting to compare the electrical levels of substitutional Si:Au to those of the silicon vacancy.
Denot-
ing by N the number of electrons in the gap levels, we have the N =0 systems V + and Au +, the N = 1 systems V+ and Au +, the K = 2 systems V and Au+, the X = 3 systems V and Au, and finally, the N=4 systems V Correspondence between the one-electron energy levels t, e, and a~(light horizontal lines) and electrical levels ( -/2 -), (0/ -), (0/+), (+/2+), and (2+/3+) (thick horizontal lines) of (a) the Si vacancy (data from Fig. 7 in Ref. 74 ), (b) Si:Au;, and (c) Si:Au, . The one-electron energy levels depend on their occupation number X through Coulomb repulsion U",.
The electrical levels (q/q') correspond to the change in total energy when a center with X electrons in its gap level and charge state A~(N) is transformed into the center 2 q (X') with a different number (X') of electrons in its gap level and, hence, a different charge state (q') as well. The dashed lines show the correspondence between a pair of one-electron levels (e.g., t" and t') and its associated electrical level [e.g., ( -/2 -) for the vacancy, (0/ -) for Si:Au, ]. We have used U", =0.25 eV for the vacancy (Ref. 74), U""=O.3 eV for Si:Au"and U","=0.025 eV for Si:Au;, the last two are calculated here. The first and second acceptor levels of the vacancy are Watkins's guesses for experimental results [ Fig. 7(c) , Ref. 74] . The figure illustrates how the one-electron levels and the electrical levels of Si:Au, can be
